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1.0 SUMMARY |

This report presents the analytical methods, thénna] model, and
user's instructions for the Skylab Extravehicular Mobility Unit (SEMU) routine.
| This digital computer program was developed for detailed thermal performance
predictions of the SEMU on the NASA-JSC Univac 1108 computer system. It
accounts for conductive, convective, and radiant heat transfer as well as
fluid flow and special component characterization. The program provides
thermal performance predictions for a 967 node thermal model in one thirty-
sixth (1/36) of mission time when operated at a calculating interval of
three minutes (mission time). ' |

The program has the operational flexibility to : (1) accept card
or mégnetic tape data input for the thermal model describing the SEMU
structure, fiuid systems, crewman and component performance;-(z) accept card
and/or magnetic tape fnput of internally generated heat and heat influx from
the space environment, and (3) output tabular or plotted histories of tem-
perature, flow rates, and other parameters describing system operating modes.

The user's manual and supporting appendices provide a comp]éte
program description including instructions for problem submission in com-
pliance with current NASA-JSC Computation and Analysis Diviéion procedures.

This document is a final report defining the final .version of
the SEMU routine and thermal model.



2.0 INTRODUCTION |
This report: describes the Skylab EMU digital s1mu1ator be1ng
developed by the Enviromment Control/Life Support Group of “the Vought
Systems Division (VSD), of LTV Aerospace Corporation. The routine was
created by modifying the Apollo EMU simulator which was used to analyze an
astronaut during lunar extravehicular activities. The thermal model was
created from the hardware manufacturer's (AiResearch} drawings and component
specifications. | 4
| The roytine simulates the suited crewman using the Pressure Con-
trol Unit (PCU) or the Secondary Oxygen Pack in a vacuum environment. A com-
panion routine (EHFR-5) documented in Reference 11 supplies incidenf and
absorbed heat flux on the Skylab EMU exterior surfaces (nodes). EMU flux
self-blockage and muitiple reflections effects are accounted for by the
EHFR-5 while direct workstation surface/EMU exchange is calculated in the EMU
digital simulator. 7
Program checkout involved comparison of component simulation
results to performance specifications. Flow system performance has been veri-
fied using data from the Development Verification Tests cohducted by NASA,



3.0 ANALYTICAL METHODS

Sections 3,I_thkough 3.4 describe generalized heat balance and flow
- System calculation methods used in this computer routine which may be applied
to other thermal simulation-models._ Sectipns 3.5 through 3,11 describe
specialized analytical characterizations which have been created for the Skylab
Extravehicular Mobility Unit (EMU)} program formulation. |

Differential equations which describe conductive, convective, and
radiative heat trénsfer, and internally generated heat as wei], are solved
by the familiar explicit finite difference approximation technique (Reference
1). In this technique the subject of the analysis is divided into lumps
which are considered to be isothermal for evaluation of thermal properties
and heat capacitance effects, and which are considered to have temperatures
located at their geometric centers (nodes or lumps) for condiction effects.
3.1.  Thermal Analysis .

In the computer routine, Tumps are classified as: (1) structure lumps;
(2) tube lumps; and (3) fluid Tumps. In general, structure Tﬁmps are lumps
which are not in contact with any flowing fluid. Tube lumps are lumps which
are in contact with a flowing fluid, as well as structure lumps and other
tube lumps.  Fluid Tumps are flowing or stagnant liquid or Qas lumps which
experience convective heat transfer interchange with tube lumps. These .
three classifications, which are discussed below, govern much of the computer'
routine input data'format discussed in Section 5.7. FEach lump must be
numbered, and the lump numbers in each classification start at 1 and go con-
secutively through the maximum number for that classification.

As will be seen later, nodes requiring special analysis do not
necessarily follow thélclassifications described above. In most instances
where the classifications break down, the node is made a structure node
which requires less interrelated input data.

The finite-difference equations used for each Tump classification
are described below. ' '

1
|

i



3.1.17  Structure Lumps (illustrated by the sketch below)
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Equation (1) may be rewritten in the form:

1 e W?%( Z U5 (1T % (a A 0 + Z o(Fny;;(13-19) (2)
J J

Equation (2) is the basic form of the structure lump heat balance equation.

where: i = lump number {data input)

T. = temperature of lump i at time 7, °R {Routine input and
output are in °F)

Ti = temperature of Tump i at time t + At, °R

At = time increment of next step in calculation as determined
by convergence criteria within the routine (see Section 3.2.1)
“hrs

w. = weight of Tump 1, (input data - 1bs)

c; = specific heat of lump i. This quantity is entered as
a table of specific heat (BTU/1b-°F) versus temperature
in °F.



U,. = the conductance between structure lump i and adjacent

1j . .
structure lumps, j, BTU/hr-°F
U ﬁf“ljif This form of Uj; permits an accounting of
E%'+ Fi- temperature dependent dissimilar materials (3)
i J -

in adjacent nodes.

R. = that portion of the conduction resistance from lump i to

j which is attributed to 1, i {(input as Ry,hr-°F/BTU)
K A, . _
) T 1]
Rj = that portion of the resistance from Tump i to j which is
 attributed to j, = Yj (input as Rz,hr-°F/BTU)
KA 3 |

where: Yi = is that portion of the conduction path length
between node i and j which Ties in lump i
Y. = is that portion of the conduction path length
between node i and j which lies in Tump j
A, = is the effective conduction area between lumps
i and ] _

K. = is the thermal conddctivity of Tump i
K, = is the thermal conductivity of lump j

k, = thermal conductivity of lump i at the present
temperature (time t) normalized by the thermal
conductivity at which Ry was evaluated, i.e.,
Ki/Kp;- This quantity is entered as a table
of normalized conductivity versus temperature
in °F for each lump, dimensionless

k. = thermal conductivity of lump j at the present

temperature {time t) normalized by the thermal

conductivity at which Rj was evaluated, i.e.,

Kj/KRj, dimensionless

In the case of constant thermal conductivity, the entire resistance
may be calcuated as Ry, and Rj is entered as 0.0. This is desirable since



it saves data space in the computer core.

Tj = temperature of adjacent lumps at time T (lump numbers, J,
which are connected to lump i are data input},
(“A)i = incident heat application area for lump i, {data input
sq. in.). This quantity can be entered as absorptance
(0q) times area (A;) or as area alone depending on how
Qi is entered. BTU/hr
Q; = incident heat on lump 1, BTU/fté-hr. This quantity is
entered as a table versus time in hours. Obviously
absorbed heat (a Q) could be entered here in which case
o A would be entered as area 0n1y
o = Stefan-Boltzmann constant, 0.173 x 10“8 BTW hr-Ft2(°R)%

(?A)ij

1}

Gray-body configuration factor (a function of surface
emittances, areas, and geometry) from Tump i to lump Js
sq. ft. {data input - sq. in.)

The routine calculates the energy entering a structure tump for each
connection to that Tump prescribed in the data. The catculated energy is
summed algebratically and stored in the TSQRAT array until the structure
temperatures are updated.

3.1.2 Tube Lumps

The development of the equations for tube lumps departs in subtle
but significant ways from the explicit finite difference method of the
structure equations. Tube lump temperatures are calculated using a hybrid
implicit-explicit numerical differencing technique {Reference 2). The
advantage of the hybrid finite difference equations is that they are
numerically stable for relatively large time increments. The hybrid form
of the tube tempekature equation is written as follows: '

Qsroren = Qeonv ¥ Qconp ¥ Qrap * Qgsorsed

WC 1 o ]
3 (T,-T;) = heA(T-T 0+ Z(U")ijUj"Ti)* Z a(g‘;\)u
_ J J

4 4]

dafied @



-

where: ' hf = convective heat transfer coefficient,
BTU/ (hr-ft2-°F) _
Af = area for convective heat transfer, ftl
(data input ~_in2}
Tf = updated temperature of fluid lump associated
with tube Tump i, °R
T. = tube or structure lump j to which tube Tump
is connected

The input data for tube lumps includes all of the data input required
for structure lumps plus the Tump number of the enclosed fluid Tump and the
convective heat transfer area, Af. Data required for cemputing the heat
transfer coefficient is given with the enclosed fluid Tump input data. Heat
transfer coefficient computatmon is discussed in Section 3.3.

To so]ve for T1 explicitly, it is necessary to have the updated fluid
temperature, Tf,

(we), |
. E T (W35 T+ FoTing rrhton g

! \ - (we),
AT

(5)
+ h Af

Therefore, the fluid temperatures must be known or calcu]ated at each tzme
jncrement (AT) pr1or to the tube lump calculation.

3.1.3  Fluid Lumps _
Fluid lump temperatures are calculated using the hybrid finite dif-
ference based on the following energy balance.

Qstoren = OMass  * Qconv
FLUX

(we) |
et (T ) e (T 1c)+Z(hA)t(T Ty (6)



] t
Solving for T and substituting equation (5) for T, :

{gc! ET 25: (UA)j(Tj—Tt)
Wedt 1 omie T, + 2. (), e
T% AT p fu t _iTFt + | (hA)t

. (7)
{wele g e+ > (ha)y fuc)y

P t
L%SI; + (hA)y

Inspection of equation (7) reveals the requirement for the updated upstream
fluid temperature, T;u , while the other temperatures are, known from the
previous time increment. Each separate system has a system starting point
from which the temperature calculations proceed in the direction of the
flow each iteration. Therefore T;u is established initially at the system
starting peint in a closed loop system and then calculated on subseguent
jterations. In an open system the T;u must be known as a function of time
at the origination of flow.

3.2 Convergence and Accuracy Criteria

The heat transfer eguations used in the computer vroutine described
herein are based on explicit and implicit-explicit hybrid methods of finite
difference solution. With the first method, the future temperature of any
structure lump is evaluated from the present temperature of surrounding
lumps and the thermal environment. The validity of this type of solution
depends on satisfying ¢riteria for stability, oscillation, and {runcation
error minimization.  The hybrid method was employed to remove the heat transfer
coefficient from the stability criteria for the tube Tump analysis.

3.2.1 Stability '

The term stability usually refers to errors in equation solution that
progressively increase or accumulate as the calculations proceed. Clark
(Reference 3) conciudes that any explicit forward difference equation will
yield stable results for the future temperatures of any lump if the coef-
ficients of the present lump temperature are at least zero or have the same
sign as the other coefficients of known temperatures. This stability criterion
defines the size of the time step to be used with the basic equations. The



equations used in the‘computer routine are rearranged below to show thé
development of the stability requirement for structure lumps It should

be noted that failure to meet this stability criteria means only that the
solution may be unstable and not that it is. For structure Tumps, Equation (2}
may be wyritten as:

T, = wizi LZ U Ty+(oA);05 + Z o(Th) 5 +T )(T +T, )T]

j T30
+T[

According to Reference (4) the linearized radiation can cause oscillations
when the rad1at1ve coup11ng is dominant and suggests replac1ng

(Z Ugs + Z c(G’A)iJ(Tfﬁ‘?)(T]ATj)H (8)
j

J

T _,'. - 3

2.0 (*-“f»ﬂ\)1J (THIDTHT) with 4o D) (J’A)U,Ti

in the stability criterion equation. For the coefficienﬁ oflTi to be positive,
Y%

o C.
> U, +4on L (Fn),

g

AT <

(9)

An identical stability equation exists for the tube lump Equation (5). The
hybrid technique as written for the fiuid Tump temperature;(Equation 7) is
inherently stable according to Clark's criterion. B

3.2,2 Oscillation ' :

Even though a solution is stable, it may‘osci1late around a correct
mean value. An osci11atory condition is dependent on the problem boundary
conditions and the node spacing. In cases where oscillation occurs, this
undesirable condition may be damped or eliminated by use of a At smaller
than the limiting value specified by equation ( 9). This 15‘accommodated
by the input of TINCMN described in Section 3.2.4. '



3.2.3 Truncation Error

The truncation error in the routine solution results from replacing
derivatives with finite differences. In order to provide a measure of the
accumulated truncation error, results for smaller time and space increments
(subject to stability and oscillation criteria) should be compared. Chu
(Reference 5) recommends halving the space increment and quartering the time
increment to obtain an estimate of the error in a numerical result. In
general, an investigation of truncation error must be made by changing lump
sizes for each type of problem to determine the maximum size of isothermal
lumps that can be used for a valid solution.

The truncation error has been shown to be of the form A + B (Ref. 3)
where A is proportional to the time increment and B is proportional to the
square of the Tump linear dimension. VSD experience indicates that time
truncation error (A) is relatively small (= 3 percent) if the time increment
satisfies the stability criteria. The spatial truncation error'(B) can be
evaluated at steady state.

3.2.4 Steady State Nodes

In a large complex thermal model such as the one to which this routine
is applied, it is generally desirable to decrease computation time by having
the temperature calculations advance at a larger time increment, Art, than
the calculated maximum time increment, Atyay (equation 9), for some individual
Jumps. For this reason the routine was setup so that the computing interval,
TINCMN, is supplied by the user on Parzmeter Card 2, Section 5.7.1. In order
to prevent oscillation in those lumps having a Atpax 1ess than TINCMN, the
routine tests TINCMN against the Atyyy for each lump, and in cases where
Atpay 15 smaller, the heat balance equation is modified so that the individual
values of Aty are applied to compute T for these particular Tumps. This
is illustrated below for a structure lump with no radiation or incident heat
flux. The operation is commonly referred to as “overriding" these particular
lumps.

- AT
T, = T, o+ T Zuij(Tj - T.) (0}
W.C. -
AT = ...l..l.
max (11}
Zlu].Jj

10



Substitute (11) into (10) and

P T 253”13 T57T4) ;:T jE:U‘.ql - T

i j - | 25:“13 i :E:U]J i

\ U..T. o
T, = QZ;-liAl or :E:U1J(TJ T.) = 0 o (12)

i :ZZU‘J

Thus, T i is the temperature which would yield an equ111br1um heat
batance with lump i surrounding temperatures of Tj' ~While this feature
allows greater run speed and prevents "overridden” lump oscillation, care
should be exercised to prevent large errors which can result from “overriding"

two adjacent 1ump§.
3.3 Fluid Heat Transfer Coefficient .

Commonly used eguations for determining both 1aminaf'and turbulent
fluid heat transfer coefficients were programmed 1nto,thé computer routine.

An option was also included to permit the program user tclinput heat transfer
coefficient as a function of flow rate in a table (Card 2, Fluid Data Cards).
" This option is usefu1 for characterizing convective heat transfer in fluid
system components when applicable performance data is available.

The use of theoretica1 solutions based on the assumption of constant
fluid properties may introduce ervors -for fluids where Viéébsity is a strong
function of temperature. The EMU uses two fluids; oxygen and water, the
latter has a significant viscosity variation with temperature. This variation
is accounted for throﬁgh curve data input (Section 5.7.15)Q |
3.3.1 Llaminar Flow -

Both the thermal entry length and the fully developed flow regimes
must be considered to properly evaluate a laminar flow heat transfer co-
efficient. The thermal entry length region is usually considered to include
those values of (1/Re Pr)(L/Dy) below .050. ' '

Results are shown in Figure 3-1 for theoretical 1oca1 and mean Nusselt
Numbers obtained by the Graetz solution for circular tubes w1th uniform surface
temperature (Reference 6). The solutions exhibit an asymptotic approach to a

1
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fully developed flow Nusselt Number of 3.66. A plot of the Sieder-Tate
equation (Reference 7) which represents an experimental correlation of test
data for (1/RePr)(L/Dh) of 0.003 and below is also shown in Figure 3-1. The
entry length heat transfer coefficient equation programmed in the computer
routine is the Siedér—Tate carrelation modified by a factor of 0.575. This
equatioﬁ is shown to provide an adequate fit for the theoretical local heat
transfer coefficients which are needed for the individual lumps in the computer
routine.

he = (1.86)(.575) K/D, [%%5E£] v (13)
where: _ .
hf = convective heat transfer coefficient,‘BTU/hr-ft2—°F
K¢ = f]uid thermal conductivity, BTU/hr-ft-°F
L = length from tube entrance, ft o
D, = tube hydraulic diameter = 4 CSA/WP, ft .

cross sectional area of tube, ft2 (data input -~ in%)
WP = wetted perimeter of tube, ft (data input - in)
Reynolds number, dimensionless

o

(%

b
n

-~
1]
i

ft

Pr = Prandtl number, dimensionless

The values calculated with Equation (]3)'are compared with the values
calculated by the fully developed flow heat transfer equation:

he = 3f66 Ke/D, - - 4)

and the higher value is used in the heat balance equation.

In this routine it is also possible to have stagnant fluid in flow
systems. When this occurs equation (14) is used to determine the heat trans-
fer coefficient to the fluid. ' '

3.3.2 Turbulent Flow: _

The correlation of equation (15), recommended in Reference 8, is used

to determine heat transfer coefficients at Reynolds numbers greater than 2000.

he = .023 5 (re)-8 (pr)V/3 - (15)
~ Dby o o

13



In turbulent flow the undeveloped region of heat transfer is short
(= 4 diameters) such that for most cases it will constitute only a small
portion of the total internal heat transfer region.
3.4 Fluid Pressure Loss

The fiow system pressure leoss is calculated by the Fanning equation
with a dynamic head loss factor (K) added. The pressure loss for each fluid
Tump is calculated by:

2 2 ‘2
- FLL oV + pV . W F(WPYFLL .
o= ATy o K = SoCSA2 h tK
where f = friction factor 16/Re for Reynolds Numbers less than 2000

and is read from input data for Reynolds Numbers greater
than 2000 (NFFC, Fluid Data Card 2). The Jaminar flow
friction factor may also be multipiied by FRE, Fluid Data
Card 2 to account for non-circular pipe flow.

FLL = fluid Jump length {not necessarily equal to tube lump length)
K = number of fluid dynamic head losses
w = tube fluid flow rate, 1b/hr
WP = wetted perimeter, ft (data input - in}
CSA = fluid cross section area, ft2 {data input - in2)
Dh = tube hydraulic diameter -~ 4 CSA/WP, ft
p = fluid density, 1b/ft3
v = fluid velocity, ft/hr

H

1)

The fluid lump type cards provide for inputs of (K) which can be
different for each fluid lump type. The term is used to account for pressure
losses in tube entrance regions, bends, contractions, and expansions. Entrance

pressure losses for varying duct geometries (Reference 9) may alsc be specified
by (K).

3.5 Fiow System Characterization

There are three flow systems in the PCU and SOP (Figures 3-2 and
3-3}) and all three are simulated in the Skylab EMU simulator. Fiqure 3-2
shows the oxygen supply systems which provide 1ife sustaining oxygen to the
Crewman at a comfortable temperature. Both the primary Airlock Module (AM)
through PCU oxygeh system and the emergency SOP oxygen system are blowdown

14
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systems. A1l oxygen flow regardless of origination (AM or SOP) is requlated
by the PCU and controlied by the flow control valve downs tream of the crewman
and pressure suit. The primary oxygen system supplies flow to two crewmen
through the EVA panel. When the SOP is activated, the expanded/coo]ed‘oxygen
gas leaving the SOP regulator flows through a thermal storage unit (TSU) to
raise the oxygen temperature before it enters the suit.

The suit cooling loop (Figure 3-3) is a closed system which circulates
water through AM heat'exchangers and the crewman's liquid.coﬁlﬁng garment (LCG).
As with the oxygen system, two crewmen are supplied cooling water simultan-
eously with this systém. The crewman varies his cooling by reducing the water
flow through his LCG. ’

3.6 Crewman Characterization

The EMU simﬁ]ator has incorporated the 41-node metabolic man simulation
developed by the National Aeronautics and Space Adm1n1strat1on {NASA)-

Johnson Space Center (JSC) (Reference 10). Program togic change was necessary
to interface the 41-node man with the simulator but the basic relationships
representing the thermal regulatory processes are unchanged. The principle

area of significant change is at the man's skin/environment interface. NASA's
simulations of the undergarment, and the Liquid Cooled Garment (LCG) were
modified from the original steady state analysis to a transiéht calculation

of temperatures '

AT forty one man temperatures, temperature averages for the sk1n and
muscle p]us ten other variables to determine the man's re]at1onsh1p to h1s
environment are output at each print interval.

3.7 Oxygen Bottle B]owdown‘Character1zat10n

The primary oxygen supply to the PCU is from the Skylab vehicle while
an emergency or purge supply (SOP) is carried by the crewman. The flowrate
from the SOP oxygen bottles'is known as a function of time.

The increase in stored energy of the gas is, semantically:

17



Increase in
Stored Energy
of Gas in Bottle

Energy Added to| | Energy of Gas
Gas From Bottle Leaving Bottle

fl

Using the above equation the temperature of the gas is calcuiated. This temp-
erature and the ltast bottle pressure value is used to interpolate on a
compressibility factor curve. The gas temperature and mass remain constant
while the pressure and compressibility factor are iterated until the pressure
on successive iterations is within DPTOL.

The heat transfer coefficient inside each oxygen bottle is input
and is constant for a mission.
3.8 " Heat Leak Calculation

The EMU simulator has the capability of calculating the heat flux
between any two nodes. Data input format (see Section 5.7.6) permits the

user to group pairs of nodes to create the desired control volume. Figure
3-4 presents a typical heat leak model to calculate the heat transferred
across the boundary of a control volume. The input data would be set up

with one group consisting of five heat leak paths. Semantically, the analysis
per heat leak pathris:

Energy Entering' | Enerqy Conducted Energy Radiated Energy Stored

The = To Node j + To Node j -] By Node j
Control Volume From Node K From Node k

Notice that the heat leak into the control volume (or from node k to node j)
is assumed positive.

In the SEMUsimulator, heat leak groups for the Skylab Extravehicular
Visor Assembly (SEVA), Pressure Garment Assembly (PGA), and several other
components of interest are set up. There is no program limit on the number
~ of groups or the number of heat Jeak paths (node pairings) per group. One
restrictien is made; and it requires the first group to be the SEVA heat Teak
group. This requirement arises because the SEVA visor material transmits
solar wavelength energy through "node j". The energy entering the SEVA through
the visors is automatically added to the first heat Teak group. There are
other unique features associated with the visor analysis as explained in
Section 3.10.
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To identify a heat leak path the user enters the two nodes
(j and k) and a connection number for conduction and radiation between
nodés j and k. The connection number is determined from node j lump card
(tube or structuré) by counting, from left to right, the "to" lumps to node
k. It is necessary that the user know which node j to node k connection
is the conduction connection and which is radiation to properly assign the
connection numbers in the heat leak data. A check of 'the type data for node
j will aid the user in establishing the kind of connection made to node j.
Notice, when node j is connected to node k by conduction and radiation,
node k will appear twice as a "to" lump on the node j lump card. Therefore,
the connection numbers for a node pair in the heat leak data cannot be equal.
3.9 Heat Storage Calculation

The SEMU simulator has the capability of calculating the energy
stored by a node from initial condition (i.e., initial temperature on Tump
card) to some later time. MNet heat stored by a node at time, t, is calculated
by the following equation
WC (7 - T

Q )

stored,j j.att Y j, at J, at 191,

i
If the computer run is interrupted and restarted, the initial temperature
used in the above equation is identical tc the temperature input on the tube
or structure lump card. The WC product is the current value including any
adjustménts prescribed by the Time-Variant Mass Data and/or the specific
heat curve data. The user inputs the node number and the applicable
identifying code {see Section 5.7.7) of the nodes for which heat storage
calcuiations are desired. A single value of heat storage will be output
when several nodes are grouped together. There is no program limit on the
number of groups br the number of nodes per group that may be input.
3.10 SEVA Visor Analysis

The crewman's face is protected by two retractable visors and
a pressure bubble. The retractable visors have special coatings which
- transmit radiation in the visible spectrum and block infrared radiation. A

visor analysis is required to calculate the fraction of external incident
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energy absorbed by each visor and the crewnan's face. The-aha1ysis is com-
plicated by the‘fact that the visors may be positioned in three unique
configurations (see Figure 3-5); both visors down, sun visor up, and both
sun visor and impact'visor up.

The fraction of incident energy absorbed by a visor surface can
be determined from coating properties and has been done by A. J. Chapman
as recorded in informal documentation received October 1966. Chapman
numbers the surfaces 1 to seven with one being the crewman's face and
seven, the outer surface of the sun visor {Figure 3-5 ). This same con-
vention is followed below as well as Chapman's notation of the energy
fraction. Fi(k) refers to the fraction of the external incident radiation
on the ith surface for the kth visor configuration. To shorten the equations
we define Rjj as the fraction, 1/(1- -P4P; ), where p is the solar ref1ect1v1ty
and 1 and j are v1sor surfaces. .

Each node on the visor and helmet surfaces is aSSTQned a position
number; one to the total number of nodes on the visor and helmet surfaces.

In addition to a position number, the user inputs a position type (see
Section 5.7.8) to associjate the correct surface properties with the visor,
helmet, and face nodes. The visor analysis is a two band spectral distri-
bution analysis with the separation point batween solar and infrared radia-
tion established by the flux data input from the Environmental Heat Flux
Routine (Reference 11).

With both visors retracted - n = 1

(1) _ (1) . (1) (1) _
Fy 3 Ryai Fa ppFy T Pyt =
Transmissivity, 123, is the solar transmissivity of the pressure bubble and,
in Chapman's development of the F (n ), the assumption was made that Ty T Ty

With the impact visor down and sun visor up - n =2
(2) _ ¢ (1) ¢ (2)
Fy Feo 7 Fs

2) _ 1 2
(B < p, (0 (2
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3.11 Local Temperature Perturbation (LTP) Calculation

The simulator has the'capabilfty of calculating the effect of a
perturbed suit condition on the crewman. B8y perturbed suit condition is meant
the Tocal compression of the suit against the crewman due to sitting,'kneeiing,
gripping with the gloves, etc. The purpose of the capability is to determine
crewman comfort {skin temperature below threshhold of paih)'when engaged in

any activity which involves "shorting" the suit multilayer insulation. Section
' 5.7.5 details the input data for 1oca1 temperature perturbat1on calculations.
1t is important to remember when preparing data for the LTP model that this
model is completely iﬁdependent of the basic EMU model and has no feedback
to it. Notice shoU]dﬁbe made that LTP model Tump numbers are described in the
- regular data and that Section 5.7.5 provides additional information which
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identifies certain lump numbers as LTP‘1ump numbers. A1l LTP Model fluid
(gas)} tumps must be input in tube 42 which satisfies the data input require-
ment for a flow tube but the order of fluid lumps in tube 42 is arbitrary.
3.12 Thermal Model Data Options

The simulator has several unique data options which are required
to describe the thermal model or provide the user flexibility desired.
3.12.1 Configuration-Associated Node Identification

This option is similar to the one discussed above but requires
more input data to establish the same configuration. The user may view this
option as an override of the configurations specified by Table 3-1. As an
example of how this optfon may be used, consider Mode 3 which specifies
analysis of the crewman in his shirtsleeves only. To obtain the effect of an
enclosure such as the AM cabin walls on a shirtsleeves crewman, structure nodes
representing the wall can be input in the regular data and then associated with
Configuration Mode 3.
3.12.2 Heat Flux Curve Assignment

The simulator uses the Environmental Heat Flux Routine (EHFR)
described in Reference 11 as a source of input flux data representing various
Skylab work stations. The EHFR has geometric heat flux models of the EMU
and the Orbital Work Station (OWS} which are consistent with the surface areas
of the simulator baseline thermal model. Section 5.7.1, Cards 4 and 5 give
instructions on the manipulation of the EHFR generated flux data actually
creating heat flux curves. Although the curves have been created and are
available, heat flux curve assignment data is required to apply the flux to
a particular thermal model node. A1l EHFR input data is assigned through the
data described in Section 5.7.10.
3.12.3 Prescribed Wall Temperature Data

The simulator has two types of prescribed wall temperatures excluding
the contact temperature associated with the EHFR. These prescribed tempera-
tures are designated as type numbers 10 and 17 in Sections 5.7.11 and 5.7.15.
- Type 10 is used to create a "deep space" node held constant at -459.690F
or other prescribed temperatures where the entire curve can be put on the
data tape. Type 11 is used to input prescribed temperature either the complete
curve or segments of a large curve contained on an independent input tape.
Variable NPRTCD on Card 2 (Section 5.7.1) designates how the Skylab workstation
temperatures may be input. The simulator will interrogate NPRTCD and, if 1,
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will read additiona1'temperature data when the largest time of the segment of
the curve in the computer is 1ess than mission time.
3.12.4  Time Variant Node Data |

Time variant data é]]ows the user to vary with time the mass of a
node and/or the connection between two nodes. This data s afmu]tiplying
factor applied after variations in specific heat and thermal cbnductivity
have been taken into account. The time variant mass data is straight forward
with the user identffying the node and the contro11fhg curvé‘number. If a
connection between two nodes is to be varied, the user must identify the
"from" node and specify a connection number. The connection number for a
node varies from 1 to the number of "to" nodes Tisted in the tube and structure
Tump cards for the node. This option applies to both conduction and radiation
connections for tube and structure nodes. -
3.12.5 Special Tube/F1ufd Connection Data :

This optlon s required to transiently analyze the L1qu1d Cooled
Garment (LCG) and may ‘not be used as a general capability for placing two
fluids in contact with a single tube node. A fluid node cah be enclosed
by several tube nodes by inputfing thét fluid node on Card 34, however
occasions arise when two fluids wet a single tube node. In the model of the
LCG, water flows in the tygon tubing and suit oxygen flows ovér'the outside
of the tygon tubing, If the tubing nodes were modeled as two:radial nodes
connected by a large conduction, experience has taught that thé situation
would result in instability. Data input for this option jdentifies a
second fluid and film heat transfer coefficient with a LCG tube node.
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4.0 'BASELINE THERMAL MODEL

A baseline thermal model was created in conjunction with the
EMU simulator and contains the f0110w1ng -Jtems:

1. ITMG - Integrated Therma]/Meteoro1d Garment (3 1ayer)
2. PGA - Pressure Garment Assembly

3. LCG . - Liquid Cooling Garment

4, ' Boots - Skylab Configuration

5. Gloves - - Extravehicular Configuration

6,  SEVA - Skylab Extravehicular Visor Assembly

7. PCU- - Pressure Control Unit '

8. SOP - Secondary Oxygen Pack

9, CREWMAN - 41 Node Man (Ref. 10)
10,  SKYLAB

The model is composéd,of the three types of nodes described in Section 3.1,
The number of flow tubes in the simulator is 42. The simulator is programmed
to expect the number of tubes indicated above and program modifications are
required to change the tube arrangement. Although the user is limited in the
~extent to which he can change the basic thermal model, impbrtant options are
open as to the fineness of the model breakdown and the ambunt and type of
data output. - o -
- The 1TMG, PGA, Boots, and Gloves were broken up into 98 surface
nodes and 4 nodes through the thickness. Figure 4-1 shows the surface nodes

- as numbered in the baseline thermal model, Table 4-1 presents the complete
suit node numbering with the "EXTERIOR ITMG NODE" column corresponding to the
nodes on Figure 4-Y. The multilayer insulation has the same fineness of nodal
breakdown as the exterior suit surface, but the two 1nteriof_nbde layers have
fewer nodes as indicated by the duplication of node numbers in Table 4-1 con-
necting two or more 1nsu1ation nodes to an "EXTERIOR PGA" node. Figure 4-1
presents a surface area Jumping of a more detailed geometric suit mode] found
in Reference 12, Conductance values for the muitiTayer bulldup for this in-
terior version were generated from manned suit test data obta1ned from NASA
and edited into the base]ine thermal model data tape.
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* TABLE 4-1
NODAL NUMBERING THROUGH SPACE SUIT

EXTERIOR INTERIOR EXTERIOR ~  INTERIOR-

OO -1 @@= ~dh G R P R R

1TMG NODE . 1TMG NODE PGA NODE - PGA NCDE
" {INSULATION) :

1 164 272

2 165 273

3 166 273

4 167 274

5 168 273

6 169 273

7 170 275

8 171 276

9 172 276

10 173 277

1i 174 276

12 175 - 276

13 176 ‘ 278

14 177 278

15 178 279

16 179 279
17 180 279

18 181 : 278

19 182 280

20 183 280 o

21 184, 281 B 10
22 185 . - 281 ' . 10
23 186 ‘ 281 - S 10
24 187 280 _ 9
25 188 282 o 11
26 189 282 . 11
27 190 283 ‘ 12
28 191 283 12
29 192 283 12
31 194 284 I 13
32 195 284 ‘ 13
33 196 285 : 14
34 197 285 o 14
35 198 ! 285 ' 14
36 199 284 13
37 200 286 . 15
38 201 . 287 , 16
44 207 286 , 15
45 208 287 16
46 209 287 16
47 210 287 L 16
48 211 286 15
49 212 288 17
50

213 . 288 o 17

28



51

53
54
55
56
5%
58
59
60
61
62
613
64
65
66
67
68
69
70
71
72
73
14
75
76
77
78
79
80
81
82
a3
B4
85
86
87
ag
89
90
91
92
93
94
95
96
97
98
99
100
101

102
103

104
204
306

214
215
216
217
218
219
220
221
222
223
224
225

- 226

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

265
266

267
305
307

29

289
289
289
288
290
291
292
293
294
294
294
29%
295
295
296
296
296
2917
291
297
298
298
298
29%
299
299
300
300
300
301
301
301

- 298

298
298
302
3¢2
302
302
300
300
300
301
301
303
303
303
303
299
299
302
303
302
302
303
303
286
282

18
18
18
1y
19
20
21

23
23
23
24
24
24
25
25
25
26
26
26
27
27
27
28
28
28
29
29
29
30
30
30
27
27
27
31
31
31
31
29
29
29
30
30
32
32
32
32
28
28
31
32
31
31
32
32
15
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The LCG is modeled with 13 nodes, nine of which are in contact
with the trunk, due to the fact that the distribution points of the flow system
are located about the waist. This nodal arrangement attempts to model the
torso heating of the water before and after it flows over the extremities. The
‘total conductance between the LCG water and the skinm over the entire skin area
of contact is 43.5 BTU/hr-°F, Individual skin node conductances are obtained
as a ratio of the individual skin areas to the total contact area and propor-
tioning the total conductance according to the various ratibsg

The SEVA thermal model consists of the sun visor, protective
visor, pressure bubble, and SEVA shell as presented in Figures 4-2 through 4-4,
- Tables 4-2 and 4-3 are to be used in conjunction with Figures 4-2 and 4-3
respectively in infefpreting the thermal model data. The_simq1at0r allows
the user to specify visor configuration changes throughout the mission. The
three helmet modes.j1IUStrated in Figure 3-5 require connections between .
nodes peculiar to an individual helmet mode, therefore for the sun visor {SV)
and protective visor (PV) there is a set of nodes for each he]met mode. When
the helmet is in MODE 1, only the nodes corresponding to th1s mode for the
SV and the PY are analyzed; however the other nodes are updated,each iteration.
A change to a different helmet mode changés the set of nodes being ané]yzed :
and the initial temperatures for the new fodes are the last temperatures calcu-
lated for MODE 1 because of the continuous iteration update. A similar dis-
cussion applies when the helmet mode is begun in MODE 2 or MODE 3.

There is a single set of nodes for the SEVA.shell tayer. The
surface area nodal breakdown is a modified version of that fdund in Reference
12. Nodes near the;sidé of the helmet were increased in area and an additional
row of node areas were created along the vertical centerline maintaining a
constant number of nodes. ‘

The breéSure bubble is modeled as the tube nodes because the in-
side of the bubble is in contact with the suit oxygen flow. A single set of
nodes is used for all three visor configurations and the nodes are analyzed
continuously as are the SEVA shell nodes. Two. types of connéctions from the
pressure bubble tube nodes must be made a function of the helmet mode. The
first is the pressure bubble connection to space when both v150rs are up and
the second is the connect1on to the interior of the SEVA she11 when both visors
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TABLE &4-2
SUN VISOR NODE CORRESPONDENCE FOR HELMET MODES

MODE 1 MODE 2 MODE 3

(SUN VISOR DOWNY) ~ (SUN VISOR ONLY UP) (BOTH VISORS UP)
140 ] 328 368
141 . 329 369
142 : 330 370
143 ' 331 371
144 S 332 - 372
145 S 333 . 373
146 S 334 374
147 o 335 375
148 - 336 : 376
149 : 337 S 377
150 - 338 378
151 o 339 . 379
152 , 340 380
153 o ' 341 381
154 o 342 382
155 : 343 383
156 : 344 384
157 - 345 . 385
158 L 346 386

159 ' 347 387
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FIGURE 4-3
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TABLE 4-3
PROTECTIVE VISOR NODE CORRESPONDENCE FOR HELMET. MODES

MODE 1 o MODE 2 MODE 3

{SUN VISOR DOWNY {SUN VISOR ONLY UP) _ (BOTH VISORS UP)}
308 - 348 . 388
309 . R 349 389
310 S 350 390
311 : 351 ‘ 39
312 . . 352 - 292
313 - 353 ' . 393
314 o 354 . 394
315 , 355 . 395
316 L 356 \ © 396
317 o 357 , 397
318 g 358 ' . 398
319 S 359 399
320 ' . 360 : - 400
321 ' 361 ' 401
322 ‘ 362 ' 402
323 _— 363 . 403
324 . ~ 364 T 404
325 S 365 : © 405
326 366 - S 406

327 _ 367 ' . 407
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FIGURE 4-4

Pressure Bubble Helmet Thermal Model
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are down, Since both the pressure bubble, the space node, and the SEVA nodes
are analyzed continﬁous]y, some method of making and breaking the connections
described above is required. The simulator has such a capability called Time
Variant Connections (Séction 3.12.4) and it is used to coordinate pressure
bubble connections with the visor connections which are determined by'the set
of visor nodes analyzed. No intermediate positions of the visors are allowed;
a visor is either all the way up or all the way down. The SEVA has three sun
shades which may be varied by the crewman through an infinite number of posi-
tions. These sun shades are not modeled in the baseline thermal model.

Figure 4-5 shows the nodal breakdown of the PCU.and SOP thermal
covers and inner hardcover structure. The Life Support Umbilical (LSU) is
modeled as four-155fobt nodes with two nodes through the multilayer insulation
sheath, The LSU is composed of four umbilicals; one electrical, one oxygen,
and two water umbilicals. Table 4-4 presents the node correspondence for
these umbilicals witbiexterior sheath nodes. Table 4-5 details the tube/fluid
correspondence with particular tubes (flowpaths). Figures 4-6‘thropgh 4-9
show the four Skylab workstation models and the significant‘surfacés of each
which influence the crewman's environment when he visits these workstations,
The crewman sketch was deleted from the figures for sake of c1arity.'
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TABLE 4-4

LSU NODE CORR ESPONDENCE

AM#—_ PCU

OUTSIDE "INSULATION ~ 600 601 602
INSIDE INSULATION 595 596 597 598
ELECTRICAL CABLE 551 592 593 594
02 SUPPLY | 1487 1497 1507  151T
H20 SUPPLY 1287 1297 1367 1317

H20 RETURN 1477  146T 1457 1447
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TABLE 4-5

TURE LUMPS AND FLUID LUMPS IN EACH TubE

TUBE NUMBER . TUBE LUMP NUMBERS FLUID LUMP NUMBERS

1 199 95

2 181-189 77-85

3 190-196 . B&-92

4 197 93

5 198 94

6 148-152 44-48

7 153-156 49-52

8 157-164 53~60

9 1652166 61962
10 167168 : 63+64
11 169 65

12 ' 170 66
13 171 67

14 : 172-176 6872
25 177~180 73-76
26 2005201 964,97
27 202 98
28 ' 203-209 99-105
29 135-138 31-34
30 134 30

31 101 125
32 125-127 21-23
33 o 122-124 18-20
34 121 17
35 118-120 1416
36 115-117 11-13
37 102 126
38 139-141 35-37
39 100212=-227 1245108-123
40 ‘ 2101268-133 106924=-29
41 , 142-147-211 36-435107
42 LOCAL TEMPERATURE PERTURBATION NODES
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5.0 USER'S MANUAL

5.1 Program Description . .

'This